Photochemical reactions of trace compounds in snow have important implications for the composition of the atmospheric boundary layer in snow-covered regions and for the interpretation of concentration profiles in snow and ice regarding the composition of the past atmosphere. One of the prominent reactions is the photolysis of nitrate, which leads to the formation of OH radicals in the snow and to the release of reactive nitrogen compounds, like nitrogen oxides (NO and NO 2 ) and nitrous acid (HONO) to the atmosphere. We performed photolysis experiments using artificial snow, containing variable initial concentrations of nitrate and nitrite, to investigate the reaction mechanism responsible for the formation of the reactive nitrogen compounds. Increasing the initial nitrite concentrations resulted in the formation of significant amounts of nitrate in the snow. A possible precursor of nitrate is NO 2 , which can be transformed into nitrate either by the attack of a hydroxy radical or the hydrolysis of the dimer (N 2 O 4 ). A mechanism for the transformation of the nitrogen-containing compounds in snow was developed, assuming that all reactions took place in a quasi-liquid layer (QLL) at the surface of the ice crystals. The unknown photolysis rates of nitrate and nitrite and the rates of NO and NO 2 transfer from the snow to the gas phase, respectively, were adjusted to give an optimum fit of the calculated time series of nitrate, nitrite, and gas phase NO x with respect to the experimental data. Best agreement was obtained with a ∼25 times faster photolysis rate of nitrite compared to nitrate. The formation of NO 2 is probably the dominant channel for the nitrate photolysis. We used the reaction mechanism further to investigate the release of NO x and HONO under natural conditions. We found that NO x emissions are by far dominated by the release of NO 2 . The release of HONO to the gas phase depends on the pH of the snow and the HONO transfer rate to the gas phase. However, due to the small amounts of nitrite produced under natural conditions, the formation of HONO in the QLL is probably negligible. We suggest that observed emissions of HONO from the surface snow are dominated by the heterogeneous formation of HONO in the firn air. The reaction of NO 2 on the surfaces of the ice crystals is the most likely HONO source to the gas phase.
Introduction
Photochemical reactions leading to the chemical transformation of trace compounds in the atmosphere do not only occur in the atmospheric gas and liquid phases, but also in the tropospheric ice phase. Such reactions can take place in the upper layers of the natural snow-covers in polar and alpine regions [1] . The photolysis of nitrate (NO 3 − ) was first identified as an important photochemical reaction in this environment [2] . This reaction is considered as one of the key reactions in surface-snow and has been the subject of a series of field [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and laboratory studies [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Nitrate photoly-sis has an impact on the composition of and processes in the surface-snow. It also affects the atmosphere after the release of volatile and reactive nitrogen compounds to the gas phase [28, 29] .
Nitrate is one of the dominating anions found in snow samples in both polar regions [30] . However, the photochemical processing can alter the concentrations in the snow after deposition. Significant losses of nitrate from the surface snow at polar sites with very low snow accumulation rates were attributed to the NO 3 − photolysis [24, 31] . This effect influences the interpretation of NO 3 − profiles in firn and ice cores, which can convolute information obtained about levels of reactive nitrogen compounds in the atmosphere in the past [32] . In addition, NO 3 − photolysis can affect further trace compounds in the snow. Laboratory experiments have shown that it leads to the formation of highly reactive hydroxyl (OH) radicals in the snow A u t h o r ' s p e r s o n a l c o p y [22] in agreement with well-known aqueous phase processes [33] . The generated OH has the potential to attack organic compounds, eventually leading to the formation of oxidized hydrocarbons like formaldehyde, acetaldehyde, and acetone [1, 34, 35] .
Evidence of the formation of more volatile compounds, which are quickly released to the gas phase, is supported by several field and laboratory studies. Emissions of nitrogen oxides (NO x = NO + NO 2 ) from the surface snow under the influence of solar radiation have been reported from several Arctic [2, 4, 11, 12] , Antarctic [5] [6] [7] 15] , as well as a mid-latitude sites [3] . Nitrous acid (HONO) has also been found to be released from the surface snow at non-marine polar sites [8, 11, 16] , although HONO fluxes from alkaline snow seem to be negligible or even directed to the snow [17, 36] . These emissions are driven by the strongly enhanced concentrations of the reactive nitrogen compounds in the interstitial air of the surface snow compared to ambient concentrations [9, 14, 16] . They have a strong effect on photochemical processes occurring in the atmospheric boundary layer above snow-covered regions. NO x mixing ratios affected by emissions from the snowpack can reach values on the order of several hundreds of pptV (parts per trillion by volume) under stable atmospheric conditions, even in remote polar regions [7, 11, 15] . In addition, HONO concentrations up to 70 pptv have been reported for polar regions [8, 9, 16, 17, 37] . However, the applied collecting techniques using mist chambers or aqueous scrubbers are prone to interferences for example by pernitric acid (HO 2 NO 2 ), raising concerns about the actual HONO concentrations in polar regions [16, 28, 38] . Recently, Liao [38] reported simultaneous HONO measurements at South Pole station using laser-induced fluorescence (LIF) and mist chamber-ion chromatography (MC-IC) techniques. They found that the results from the MC-IC measurements were about seven times higher than the LIF measurements. Nevertheless, the reported NO x and HONO levels have a profound effect on the photochemistry of the polar boundary layer since both compounds are involved in the formation and destruction of OH and hydroperoxyl radicals (HO 2 ) and ozone [28, 29] , thus influencing the oxidation capacity of the boundary layer.
Although the strong impact of the NO 3 − photolysis is evident, a full mechanistic understanding of the transformation of nitrogen-containing compounds in the snow is still not available. Previous laboratory studies have focused on different aspects, like the photolytic decomposition of NO 3 − [24, 27] , the formation of products like OH [20, 22] and nitrite (NO 2 − ) [19, 20, 27 ] and the release of NO x to the gas phase [18, 19, 21, 23, 25, 26] .
Here, we present a series of laboratory experiments performed with artificial snow samples. Results of photolysis experiments with different initial concentrations of NO 3 − and NO 2 − are used to develop a reaction mechanism for the photochemical transformation of NO 3 − and NO 2 − . The mechanism is further adapted to conditions during previous field experiments performed at Summit, Greenland. The modeled results regarding the emissions of NO x and HONO are compared to the field measurements, indicating that the main photochemical processes occurring in the natural snow-cover can successfully be reproduced using the proposed mechanism.
Experimental methods
Details of the preparation of artificial snow samples have been described previously [27, 39] . In short, liquid solutions were prepared from Milli-Q water (resistance larger than 18 M ) by adding sodium nitrate or sodium nitrite (both Merck, Darmstadt, Germany) and transferred into a stainless steel tank. From the pressurized tank the solution was sprayed into liquid nitrogen. In a cold room below −25 • C, the resulting ice was ground with an electric mill, passed through a test sieve with a mesh size of 0.5 mm, and stored at least overnight in 1 L glass bottles covered with aluminum foil.
The experimental set-up was similar to previously performed photolysis experiments [27, 39] . A mercury-arc lamp (Oriel Instrument, Stratford, CT) with a maximum power input of about 1000 W was used as the light source. For the experiments the power input was reduced to 500 W. A 10 cm long liquid-filter filled with Milli-Q water was directly coupled to the output of the lamp housing condenser to absorb the infrared radiation. The transmittance of the water filter was about 80% between the wavelengths of 250 and 700 nm [27] . An additional 10 cm long cylindrical extension made of white synthetic material was fixed to the end of the liquid-filter. The snow samples were filled into cylindrical 1 cm long Teflon cells, equipped with quartz windows. The reaction cells were easily attached to the end of the extension, which was equipped with a flange with an inner-diameter equal to the outer-diameter of the cells. The snow sample was completely illuminated by the light beam since the liquid-filter, the cylindrical extension, and the reaction cells had the same inner-diameter of 4.6 cm (Fig. 1) .
The experiment was installed inside an opening of a freezer so that two-thirds of the extension and the entire reaction cell were located inside the freezer, which was regulated to a temperature of −31 to −30 • C. Before each experiment, the filled cell was stored several hours in the freezer to assure that the temperature of the snow was in equilibrium with the freezer's temperature. To start and end the single experiments, the cell was either placed inside or removed from the flange of the extension reaching through a second, normally closed opening of the freezer.
The NO 3 − and NO 2 − concentrations in the snow were determined before and after each experiment. When filling the cell for a new experiment, a sample of the same batch of snow was kept in an airtight bottle. After the experiment, the snow was completely removed from the cell and filled into a second airtight bottle. The bottles were stored in the dark at −20 • C and the melted samples were analyzed using an ion chromatography system [27] . The system was always calibrated with a range of standard solutions and Milli-Q water before and after the analysis of the samples. The analytical error was ±3 × 10 −8 M for NO 3 − and ±4 × 10 −8 M for NO 2 − or ±10%, whichever is larger.
Results
Photolysis experiments with four different batches of artificial snow were performed with varying initial concentrations of NO 3 − and NO 2 − (Table 1) . Batches 1 and 2 contained the highest initial NO 3 − concentrations (∼10 −5 M) in the presence of almost negligible NO 2 − amounts. Irradiation caused a logarithmic decomposition of NO 3 − during the experiments (Fig. 2a) . In the same experiments NO 2 − was first produced reaching a concentration maximum in the experiments lasting around 30 min. Thereafter, NO 2 − decreased after longer irradiation periods. However, the behavior of both compounds changed with elevated initial NO 2 − concentrations. The results of the batches 3 and 4 demonstrate that with higher initial NO 2 − concentrations the drop in the NO 3 − concentrations was delayed or even absent (Fig. 2b and c) . Increasing the NO 2 − concentration to 1.2 ×10 −5 M even caused a significant production of NO 3 − (Fig. 2c) . On the other hand, the NO 2 − concentrations showed a steady decrease in the batches 3 and 4 with increasing irradiation times.
Discussion

Development of a reaction mechanism for the transformation of NO 3
− and NO 2 − in snow
The experimental results cannot be reconciled with the following previously proposed reaction sequence [27] :
Such a reaction sequence is in conflict with the observation of the formation of NO 3 − in the experiments with significant initial NO 2 − concentrations. Additional reactions are needed to describe the experimental data. According to the known reaction 
In the reaction (R2) an oxide radical ion (O − ) is first generated, which immediately adds a proton to yield OH radicals [40] . NO 2 can subsequently be oxidized to NO 3 − either by the formation of the dimer N 2 O 4 followed by hydrolysis (R4) [25] or by the attack of an OH radical (R5):
Two reaction channels are possible during the photolysis of NO 3 − : either the formation of NO 2 (R6) or NO 2 − (R7):
An additional product of reaction (R7) is the oxygen atom (O). It can react with dissolved oxygen to produce ozone (R8) and with NO 3 − producing additional NO 2 − (R9):
Additional reactions leading to the formation of NO 2 − is the reaction of OH with NO (R10) and the reaction of NO with NO 2 with the subsequent hydrolysis of N 2 O 3 (R11):
Due to the experimental conditions, we also need to take into account the photolysis of NO 2 to NO in the snow (R12):
Finally, due to the low solubility the nitrogen oxides are transferred to the gas phase (R13) and (R14):
The full reaction mechanism used for the analysis of the experimental data is shown in Table 2 . We used aqueous phase kinetic data for the rate constants of the bimolecular reactions. If temperature-dependent rate constants were available, they were extrapolated to sub-freezing temperatures ( Table 2) .
The rate constants of the NO 2 − and NO 3 − photolysis reactions (R2), (R6), and (R7) and the rates for the phase transfer reactions of NO and NO 2 ((R13) and (R14)), were derived by fitting the experimental and calculated concentration-time curves using the commercial FACSIMILE software. For the fitting procedure we used the measured NO 3 − and NO 2 − concentrations and gas phase NO x gas concentrations. Since NO x gas was not directly measured, we calculated the gas phase concentration as the difference from the measured ( Table 2 Reactions included in the mechanism for the photochemical transformation of NO 3 − and NO 2 − in snow Reaction no. Reaction rates a Reference [
Although the NO x transfer rates k R13 and k R14 varied, we always used a fixed ratio of k R13 /k R14 = 15 since the extrapolated Henry's law constants of both compounds at T = 31 • C differ by a factor of 15 [48] . This assumption is in agreement with previous laboratory experiments suggesting that NO 2 is more strongly bound than NO to the ice [26] .
Several laboratory studies have provided evidence that the photolysis of nitrate and the subsequent reactions in ice and snow take place in a so-called quasi-liquid layer (QLL) on the surface of ice crystals [19, 20, 22, 23] . Although the properties of the QLL are not well established, it is now well known that at temperatures close to the melting point and/or in the presence of impurities, the QLL shows a strongly enhanced disorder compared to the highly ordered interior of the ice crystal (e.g. [49] [50] [51] [52] [53] ). Nevertheless, the QLL is always restricted to a limited number of layers of water molecules. If all reactions in the condensed phase take place in this much smaller volume, the calculations must be performed using significantly higher concentrations. Cho et al. [51] performed NMR spectroscopy to determine the fraction of water in the QLL ϕ H 2 O as a function of temperature T and the total solute concentration in the QLL C 0 T . They obtained the following equation (2):
Here, m H 2 O is the molecular weight of water, R the gas constant, H 0 f the melting enthalpy of water, and T f is the freezing temperature of water.
The concentration in the QLL is not directly available for our experiments since the analysis of the melted snow samples yields only the bulk snow concentrations. Nevertheless, these can be translated into the QLL concentrations if we assume that all impurities are located in the QLL. In that case, we can relate the bulk concentration C bulk to the QLL concentrations C 0 T by the following Eq. (3):
Substituting this expression into Eq. (2), we find
The QLL fractions (ϕ H 2 O listed in Table 1 Table 1 for the initial concentrations. Fig. 3 shows the results of all four batches transformed into QLL concentration and also the gas phase NO x concentrations as calculated from the differences between actual and initial NO 3 − and NO 2 − concentrations in the snow according to Eq. (1). For an easier comparison the NO x gas concentrations are also plotted in M units like the QLL concentrations. 
A u t h o r ' s p e r s o n a l c o p y
A common best-fit was determined using the QLL concentrations of all four batches of snow shown in Fig. 3 . Best agreement between the experiments and the calculated concentration-timeprofiles were found with the following rate constants for the photolytic reactions of NO 2 − and NO 3 − : k R2 = 3 × 10 −3 s −1 k R6 = 1 × 10 −4 s −1 , and k R7 = 2 × 10 −5 s −1 . Thus, in our experiments the photolysis of NO 2 − occurred a factor of ∼25 faster than the overall photolysis of NO 3 − . The two different reaction channels for the NO 3 − photolysis, generating NO 2 (R6) and NO 2 − (R7), contributed 83% and 17%, respectively, which is in reasonable agreement with previous studies in fluid and frozen media [19, 21, 22, 33] .
In addition, the optimum transfer rates for NO and NO 2 were determined to be on the order of k R13 = 45 s −1 and k R14 = 3 s −1 , respectively. Fig. 3 shows a comparison of the time series of experimental and modeled QLL concentrations obtained with the optimum rate constants. The sensitivities of the calculated concentrations to changes in the rate constants were tested. The reaction rate constants k R2 , k R6 , and k R7 and the transfer constants k R13 and k R14 were separately changed by a factor of 2 (the ratio of k R13 to k R14 remained constant). The results of these sensitivity studies are also shown in Fig. 3 .
In general, the calculated concentrations are in good agreement with the experimental data. The deviations between modeled and experimental data are in the same range as the variability of the results for the two different snow batches 1 and 2 with comparable initial concentrations. Applying the mechanism, we are able to reproduce the reduction in NO 3 − and NO 2 − if high initial concentrations of either compound were present in the snow. The mechanism also captures the transformation of NO 2 − to NO 3 − observed in the batches 3 and 4 (Fig. 3) . The quick release of nitrogen oxides to the gas phase is also well reproduced by the model. However, the NO 2 − drop occurs somewhat faster in the model compared to the experiments performed with the batches 2 and 3. Better agreement is obtained if either the rate constant k R2 for the photolysis of NO 2 − (dashed red line) or the transfer rates k R13 and k R14 of NO and NO 2 (dashed yellow line) were reduced by 50% (Fig. 3) . However, these higher rates would lead to a much worse agreement with the results of the batches 1 and 2 with small initial NO 2 − concentrations. Therefore, the proposed rate constants constitute a compromise for all four experiments. The gas phase NO x concentrations are also sensitive to the rate constants k R2 , k R13 , and k R14 . Similar to NO 2 − , the agreement between modeled and measured NO x becomes better with higher rate constants for the batches 3 and 4 and worse for the batches 1 and 2. In contrast, the calculated NO 3 − concentrations are most sensitive to the photolysis rate constants k R6 and k R7 of NO 3 − .
Comparison with previous laboratory data
Jacobi et al. [27] previously presented results of similar experiments regarding the photolytic decomposition of nitrate in snow. Here, we apply the newly developed reaction mechanism to reproduce the experimental data. However, due to the different experimental conditions the rate constants need to be adjusted. First, the distance between the reaction cell and the lamp was smaller in the previous experimental set-up (16 cm), compared to the current set-up (27 cm). These different distances caused higher radiation intensities per area by a factor of 2.8 since the intensity decreases with the square of the distances from the light source. Therefore, we increased all photolysis rates (k R2 , k R6 , k R7 , and k R12 ) by a factor of 2.8 (Table 2) . Second, the previous experiments were performed at a higher temperature of −20 • C [27] . We adjusted the rate constants k R3 and k R4 using the temperature dependencies of the rate constants reported in the literature [42, 43] . However, the changes are smaller (≤40%) than the assumed error of the fitted photolysis rate constants ( Table 2 ). Fig. 4 shows calculated concentration-time-profiles with the increased photolysis and reaction rates. Moreover, the temperature also influences the phase transfer. Using, again, Henry's law constants as a reference, we find that the con- . Therefore, we enhanced the transfer constants similarly (Table 2) , reducing the ratio of k R13 to k R14 from 15 at −31 • C to smaller than 6 at −20 • C. Calculated concentration-time-profiles with the increased transfer rates are also shown in Fig. 4 . The comparison with the experimental data shows that the agreement for NO 2 − is much improved with the higher transfer rates. With the lower transfer rates the maximum NO 2 − concentration is approximately 50% higher than the highest NO 2 − concentrations determined in any of the experiments. The higher transfer rates lead to maximum NO 2 − concentrations, which fall well in the range of the observed concentrations. On the other hand, the faster transfer leads to slightly overestimated values for the NO x concentrations in the gas phase and slightly underestimated values for NO 3 − . The discrepancies become larger for experiments lasting longer than 5000 s (≈1.4 h) and might be due to the equilibrium of NO and NO 2 between the gas phase and the QLL. If the gas phase concentrations are sufficiently high a transfer back from the gas phase to the QLL becomes possible. This could explain the slightly lower gas phase and slightly higher NO 3 − concentrations observed in the experiments.
Comparison with field data: NO x emissions
Having established a mechanism for the photochemical transformation of nitrogen containing compounds in snow, we can apply this mechanism to previous field observations. The most comprehensive data set, which provides the needed input information, is currently available from measurements performed at the Greenland environmental observatory summit (GEO Summit) on top of the Greenland ice sheet (72.6 • N, 38.5 • W, 3200 m elevation) in the summer of the year 2000. For example, nitrate photolysis rate coefficients were directly measured in the snow using chemical actinometry [10] . Average values for midday exposures were on the order of 10 −6 s −1 at depths smaller than 5 cm. Therefore, we decreased the rate coefficients k R6 and k R7 so that the sum of both photolysis rates gives a value of 10 −6 s −1 (Table 2) . Accordingly, we also reduced the photolysis rates k R2 of NO 2 − and k R12 of NO 2 by the same factor, since this reaction will also be much slower under natural conditions. The reported snow temperatures for Summit varied between −4 • C at the surface and −21 • C at a depth of 15 cm for the period of the photolysis rate measurements [10] . Although the experimental temperature of −20 • C is close to the lower limit of the temperature in the natural snow, we did not attempt to adjust the rate constants further. NO 3 − in surface-snow at Summit shows considerable short-term variability [54] . We used an average concentration of 3 M as reported by Dibb et al. [54] for the initial concentration in our calculations.
The rate constants and the initial calculated QLL concentration of NO 3 − are summarized in Tables 1 and 2 . QLL concentrations and gas phase NO x production rates simulated after reaction times of 2 and 4 h are shown in Table 3 . Fig. 5 shows a concentration and flux diagram for conditions after reaction times of 2 h. The diagram shows the conversion of the nitrogen compounds in the QLL and the transfer to the gas phase.
For the applied conditions the model predicts that the photochemical transformation of NO 3 − occurs very slowly. For example, after a reaction time of 4 h the NO 3 − concentrations are apparently reduced by less than 1% compared to the initial NO 3 − concentration, although the observed photolysis rate suggests that in such a period almost 1.4% of the initial NO 3 − would have been photolyzed. Obviously, the recycling of NO 3 − via the oxidation of NO 2 contributes to the slower apparent NO 3 − decrease. Fig. 5 shows that after a reaction time of 2 h the total sink strength of NO 3 − via the photolysis reactions (R6) and (R7) and the reaction with the O atom (R9) assumes a value of 2.7 × 10 −7 M s −1 . However, the net destruction of NO 3 − is reduced by more than 40% due to the oxidation of NO 2 to NO 3 − mainly via the reaction with OH (R5).
NO 2 − concentrations in the QLL increase quickly and reach maximum values of 5.9 × 10 −9 M after just several seconds before they decrease slowly. Translating the QLL concentrations into bulk snow concentrations using the QLL fraction (Table 2 ) leads to extremely small NO 2 − concentrations of less than 2 × 10 −13 M in the snow. Such concentrations are far beyond the detection limit of currently used chemical snow analysis methods (e.g. [55] [56] [57] ). Nevertheless, NO 2 − concentrations up to 1.8 × 10 −7 M in arctic snow samples were reported at depths of 25 cm, while the concentrations remained below 7 × 10 −8 M at the surface [58] . A photochemical generation of such high NO 2 − concentrations is only possible with radiation intensities as high as in our laboratory experiments (Fig. 2) . Since these intensities are orders of magnitudes higher than the intensity of the solar radiation at the Earth's surface [39] , additional sources of NO 2 − must be invoked to explain the NO 2 − observations. Such sources could be the dry deposition of HONO or the precipitation of fresh snow with higher NO 2 − concentrations due to the scavenging of gas phase HONO. The destruction of NO 2 − is dominated by the reaction with OH (R1), while the photolysis is a negligible sink of NO 2 − under natural conditions. This Table 3 Calculated QLL concentrations and gas phase NO x production rates calculated for conditions at Summit observed in the summer of 2000 Table 2 for reaction numbers) are given in M s −1 . For example, the flux of NO 2 to the gas phase of 1.5 × 10 −7 M s −1 corresponds to an emission rate of 1.8 × 10 12 molecules s −1 for 1 L of snow (see Table 3 ). Thick arrows represent dominant conversion pathways with fluxes larger than 3 × 10 −8 M s −1 .
is in agreement with previous laboratory studies of the NO 3 − photolysis in the presence of radical scavengers. For example, Honrath et al. [18] observed a much smaller NO 2 production in the presence of OH scavengers. Similarly, Dubowski et al. [20] reported increased yields of NO 2 − if they added an OH radical scavenger like formate to their ice samples. Both observations indicate that the conversion of NO 2 − to NO 2 ceased if OH were significantly removed.
The model results demonstrate that the release of NO x is dominated by NO 2 (Fig. 5) . NO 2 is generated either directly by the photolysis of NO 3 − (R6) or via the formation of NO 2 − from NO 3 − by the reactions (R7) and (R9) and the subsequent reaction of NO 2 − with OH (R1). The main sinks of NO 2 are the oxidation to NO 3 − by the OH radical (R5) and the transfer to the gas phase (R14). Since both pathways are almost equal, a significant fraction of the NO 2 produced in the QLL undergoes chemical reactions prior to the release to the gas phase. This was also observed in previous laboratory experiments using thin ice films [25, 26] . However, our model calculations indicate that for natural conditions the reaction with the OH radical (R5) is far more important than the hydrolysis of the NO 2 dimer (R4) as suggested for the laboratory experiments [25] .
Compared to NO 2 , NO concentrations as well as the NO transfer to the gas phase are orders of magnitude smaller. Therefore, NO in the QLL plays probably a negligible role for the photochemical transformation of nitrogen containing compounds as well as the release of NO x to the firn air. The ratio of the NO 2 to NO fluxes to the gas phase assumes a value of approximately 1800 (Table 3 ) and remains constant for several hours in the simulations.
Similarly, previous studies of the NO 3 − photolysis using natural or artificial snow samples [3, 5, 18, 21] or thin ice layers [23, 26] have also indicated that the NO x flux to the gas phase was dominated by NO 2 , although in most cases the emission of NO was not negligible with ratios of the NO 2 to NO production rates between 2 and 8 in the snow experiments [5, 18, 21] and ratios between 10 and 23 in the experiments with the ice films [23, 26] . However, the formation of NO possibly indicates further reactions in the gas phase like the photolysis of NO 2 and HONO, which can also lead to the formation of NO. At least in the snow experiments with long residence times of the sampled air in the illuminated zone on the order of minutes [5, 18, 21] , these gas phase reactions must be considered as discussed by Cotter et al. [21] .
The calculated NO 2 production rate amounts to 1.8 × 10 12 molecules s −1 in 1 L of irradiated snow. Such a production rate translates into a NO 2 flux of 5.4 × 10 12 molecules m −2 s −1 taking into account a snow layer with a depth of 1 cm and a density of 0.3 g cm −3 . This flux must be considered as representative for conditions at noon due to the selected photolysis rates for the model run. We can compare this value to NO x fluxes measured above the snow surface at Summit in 2000. According to Honrath et al. [11] , the NO x emissions were correlated with the solar radiation intensities with two thirds of the NO x fluxes observed around noon falling in a range between 2 and 11 × 10 12 molecules m −2 s −1 [11] . The agreement between the modeled and observed NO x fluxes is excellent if we assume that the NO x release to the atmosphere is determined by the top 1 or 2 cm of the snow. However, it is very likely that a thicker snow layer contributes to the photochemical production of NO x p e r s o n a l c o p y since the penetration depth of the solar radiation into the snow is deeper than just a few centimeters. For example, in the UV and visible range Peterson et al. [59] found that in the same snowpack at Summit approximately 10% of the incident radiation at the snow surface is transmitted to a depth of 10 cm. Since the NO x fluxes were measured above the snow surface, they represent only the fraction of NO x , which actually escaped from the so-called firn air, which is the interstitial air of the surface snow.
The NO x production rates in the snow can be significantly higher if a large fraction is oxidized in the firn air and re-deposited to the snow before it is released to the atmosphere. An indication of high NO x production rates is for example the extremely high NO x concentration in the firn air also measured at Summit [14] .
The modification of the reaction mechanism developed for the laboratory experiments to conditions in the natural snowpack is accompanied by rather high uncertainties. These mainly arise from the vastly different emission spectrum of the lamp compared to the spectrum of the solar radiation [27] . The irradiation emitted by the lamp shows a strong band in the UV range, which overlaps with the absorption spectrum of NO 3 − . However, such a band is absent in the solar radiation. Therefore, the ratio of the photolysis rates of NO 2 − and NO 3 − is probably larger in the natural snowpack compared to the laboratory experiments. To account for this effect, we performed additional model runs with fixed NO 3 − photolysis rates k R6 and k R7 determined by the rates measured at Summit as described above, but with a NO 2 − photolysis rate k R2 increased by a factor of 10 and 100, respectively. In both cases the effects on the calculated QLL concentrations are small. The largest effects are obtained for the modeled NO concentrations, which increase by less than 1% with k R2 multiplied by 10 and by less than 11% with k R2 multiplied by 100. The changes of all other concentrations are smaller than 1%. The reason for these small changes is the minor importance of the NO 2 − photolysis (R2) as displayed in Fig. 5 . The production rate of NO by this reaction is almost three orders of magnitude smaller than by the photolysis of NO 2 (R12). Therefore, multiplying k R2 by a factor of 100 increases the total NO production rate only by a few percent. Such a small increase in the NO production has only a slight impact on the modeled NO concentrations and the ratio of the NO and NO 2 concentrations. Although additional experiments are needed to determine the exact photolysis rate constants for natural conditions, we do not expect drastic changes for instance in the ratio of the NO 2 to NO concentrations and fluxes to the gas phase.
HONO production in the surface snowpack
Besides the emission of NO x , upward fluxes of HONO from the surface snow to the atmosphere have been reported for the Canadian Arctic [8] and Summit [11] . Although the gas phase HONO production is currently not incorporated into the mechanism, we can use the computed concentrations to determine if a sufficiently high production of HONO can occur in the QLL to explain the measured emissions. The HONO transfer to the gas phase depends on several parameters like the NO 2 − concentration in the QLL, the pH of the QLL, and the HONO phase transfer rate. Since we did not attempt to compute the proton concentrations directly, we will compare the ratio of the gas phase HONO to NO 2 production rates and discuss the impact of the pH on this ratio.
HONO is a moderately weak acid with a dissociation constant pK a reported in the literature in the range from 2.3 to 5.2 [60] . Here, we use an extrapolated pK a of 3.7 at a temperature of −20 • C [47] . Thus, 99% of the NO 2 − would be present at HONO in the QLL at a pH of 1.7. However, Table 3 demonstrates that the NO 2 − concentrations are always lower than the NO 2 concentrations by a factor of approximately 3. Even with a full conversion of NO 2 − to HONO at low pH values, the HONO concentrations will remain smaller than the NO 2 concentrations in the QLL. Nevertheless, the HONO flux to the gas phase could be comparable to the NO 2 flux if the lower concentration is compensated by a higher transfer rate. Similarly to the case of NO and NO 2 , we calculate the phase transfer rate relative to the Henry's law constant. Due to the much higher solubility of HONO, the Henry's law constant is significantly higher compared to the values for the nitrogen oxides. Using temperature-dependent parameters [48] , we obtain a value of 930 M atm −1 extrapolated to −20 • C for HONO. Since this number is a factor of 3.6 × 10 4 higher than the Henry's law constant of NO 2 at the same temperature, we assume that the phase transfer rate of HONO is significantly smaller compared to the transfer of NO 2 . In combination with the lower transfer rate, we conclude that the HONO transfer from the QLL is orders of magnitude smaller than the parallel NO x transfer. Thus, the NO 3 − photolysis in snow is a negligible direct source of HONO in contrast to previous suggestions (e.g. [37] ). However, such small HONO production rates can explain neither the enhanced HONO concentrations measured in the firn air [14] , nor the HONO emissions observed above the snowpack [8, 11] . We suggest that HONO is produced in the firn air either by gas phase reactions (e.g. NO + OH) or by heterogeneous reactions of NO 2 or HO 2 NO 2 at the snow crystal surfaces. Several studies have demonstrated that the heterogeneous hydrolysis of NO 2 yields gas phase HONO (e.g. [61] ). More recently, George et al. [62] demonstrated that HONO was produced with a high efficiency by the heterogeneous reaction of NO 2 with light absorbing organic compounds. Since Grannas et al. [35] reported contributions of phenols and further aromatic compounds to the organic content of snow samples collected at Summit, the suggested mechanism might contribute to the HONO formation in the firn air. However, whether the firn air concentrations of NO x , OH, and HO 2 NO 2 are high enough to produce significant amounts of HONO remains unresolved as discussed by Cotter et al. [21] .
It has been proposed that the HONO flux out of or into the snowpack depends on the pH value of the snow [17, 36] . Our model calculations indicate that the pH value of the QLL does not impact the formation rate of HONO in the snow: the formation is always negligible due to the small NO 2 − concentrations obtained in the model calculations. However, the pH can obviously determine if the HONO produced in the firn air is absorbed by the QLL or rather released to the atmosphere above the snowpack. While pH values can enhance the dissociation of HONO into H + and NO 2 − , thus increasing the solubility of HONO in the QLL, this effect should be most obvious at pH values around the pK s of HONO. Varying the pH around the pK s by ±1 means that either 90% or 10% of the HONO would be present in the not-dissociated form in the QLL. The measured snow pH represents an equilibrium value obtained from the melted snow sample. In other words, this is the pH of a solution containing all the electrolytes present in the snow sample. Recent laboratory experiments clearly demonstrated that the pH of the QLL can be significantly different compared to the melted ice [63] . At present it is not clear how the measured snow pH relates to the pH of the QLL. Further studies on natural snow samples are needed to investigate this value since it is the crucial parameter for the air-snow equilibrium of acidic and alkaline species.
Due to the small volume of the QLL, it still constitutes only a limited reservoir for HONO. However, as shown in Fig. 5 , NO 2 − is unstable in the QLL, where it is destroyed with a rate of 9.5 × 10 11 molecules L −1 snow s −1 for typical conditions at Summit. We can compare this destruction rate with observed deposition fluxes of HONO to snow surfaces. For example, a HONO flux of up to 120 nmol m −2 h −1 was observed in the Apennine mountains in Italy in spring [36] . This value corresponds to a HONO flux of 2.0 × 10 13 molecules m −2 s −1 . If we assume a typical snow density of 0.3 g cm −3 , the photochemical destruction in a snow layer with a depth of 7 cm is sufficient to destroy the deposited HONO completely. The conditions of the surface snow at Summit are probably significantly different compared to the springtime snow in the Apennines regarding the snow composition and temperature, the solar radiation intensities, and the pH of the snow. Nevertheless, the comparison indicates that the proposed photochemical mechanism for the surface snow is well able to explain the fate of the HONO deposited to the snow surface.
Summary and conclusions
We developed a comprehensive mechanism for the photochemical transformation of NO 3 − to NO 2 − in snow and further to more volatile nitrogen containing compounds like NO and NO 2 . Applying this mechanism to data obtained in different laboratory experiments, we adjusted unknown photolysis rates of NO 3 − and NO 2 − in artificial snow for the experimental conditions. The rates were further verified using previously published laboratory experiments and field studies. These comparisons demonstrate that (i) the general mechanism is able to capture the main features of the photochemical transformation of nitrogen compounds in snow and (ii) the adjusted rates can be applied to a wide range of conditions.
We adjusted the photochemical mechanism to typical summer conditions for the Greenland ice sheet. These simulations showed that the NO 2 − concentrations in the snow remained extremely low. NO 2 − remains still an important intermediate for the formation of NO 2 in the snow although the NO 2 formation is dominated by the photolysis of NO 3 − . A large fraction of the produced NO 2 is oxidized back to NO 3 − reducing the net NO 3 − destruction rate by 40%. The model calculations indicate that for summer conditions in Greenland, out of five NO 3 − molecules initially photolyzed in the snow, approximately three are released to the firn air in the form of NO 2 and two molecules are re-oxidized back to NO 3 − . Comparisons of the modeled NO 2 − and NO 2 concentrations and the Henry's law constants of HONO and NO 2 further indicate that the HONO production within the snow is probably negligible. We suggest that HONO, which is readily emitted by the sun-lit snowpack, is formed in the firn air possibly by the heterogeneous reaction of NO 2 on the surface of the ice crystals.
The simulations with the photochemical mechanism further show that observed NO x emissions are easily reconciled by the calculated NO 2 production in several centimeters of the surface snow. In addition, HONO deposition fluxes as observed onto more alkaline snow surfaces in lower latitudes are also in good agreement with the destruction rates for NO 2 − obtained with the model. In summary, we conclude that the proposed photochemical mechanism for the transformation of NO 3 − in snow represents a reasonable representation for the processes occurring in natural snow surfaces.
Nevertheless, further laboratory and field studies are needed to improve the mechanism and extend its applicability since several uncertainties remain. Although the mechanism is limited to nitrogen-containing compounds, the important role of other reactive species like the OH radical becomes already obvious. In agreement with previous experiments in the presence of radical scavengers [18, 20] , the model indicates that the reactions with OH radicals constitute important sinks for NO 2 − as well as for NO 2 (Fig. 5 ). Chu and Anastasio [64] concluded that the most important OH source in the snow is from the photolysis of H 2 O 2 , which is omnipresent in natural snow. This shows that the recommended photochemical mechanism cannot account for all processes known to occur in the natural snowpack. Besides the sources of OH radicals, this concerns also the processing of organic compounds in the snow. Further studies are needed to develop a full photochemical reaction mechanism for the snow.
Additional uncertainties arise from the limited knowledge of the properties of the QLL. Furthermore, less reactive impurities like sea-salt components may increase the liquid fraction and, thus, reduce the QLL concentrations of the reactive compounds. Further laboratory and modeling studies are needed to characterize the QLL so that it can be represented better in the model.
